RNA polymerase III (Pol III) as well as Pol II (35S) promoters are able to drive hairpin RNA (hpRNA) expression and induce target gene silencing in plants. siRNAs of 21 nt are the predominant species in a 35S Pol II line, whereas 24-and/or 22-nucleotide (nt) siRNAs are produced by a Pol III line. The 35S line accumulated the loop of the hpRNA, in contrast to full-length hpRNA in the Pol III line. These suggest that Pol II and Pol III-transcribed hpRNAs are processed by different pathways. One Pol III transgene produced only 24-nt siRNAs but silenced the target gene efficiently, indicating that the 24-nt siRNAs can direct mRNA degradation; specific cleavage was confirmed by 59 rapid amplification of cDNA ends (RACE). Both Pol II-and Pol IIIdirected hpRNA transgenes induced cytosine methylation in the target DNA. The extent of methylation is not correlated with the level of 21-nt siRNAs, suggesting that they are not effective inducers of DNA methylation. The promoter of a U6 transgene was significantly methylated, whereas the promoter of the endogenous U6 gene was almost free of cytosine methylation, suggesting that endogenous sequences are more resistant to de novo DNA methylation than are transgene constructs.
INTRODUCTION
RNA polymerase III (Pol III) promoters have been widely used to direct the expression of short hairpin RNA (hpRNA) constructs to achieve silencing of target genes in animals (Yu et al. 2002; Hannon and Rossi 2004) . In plants, efficient RNA silencing has been achieved mostly with long hpRNA or artificial microRNA constructs directed by RNA polymerase II (Pol II) promoters (Watson et al. 2005; Schwab et al. 2006) ; Pol III promoters have been used (Lu et al. 2004) but not extensively, although they may have properties complementary to those of the Pol II promoters.
Pol III promoters control the expression of most small cytoplasmic RNAs including tRNAs and 5S rRNA, some small nuclear RNAs (snRNA), short interspersed element (SINE) retroposon RNA, and several viral RNAs (Paule and White 2000; Arnaud et al. 2001) . Pol III promoters can be categorized into four types according to the position of transcriptional regulatory elements (Paule and White 2000; Arnaud et al. 2001) . The sequence elements required for the activity of type-1, -2, and -4 promoters are located both within and outside the coding region; type-3 promoters contain all the regulatory elements upstream of the transcriptional start site and can therefore be readily adapted for directing expression of heterologous RNAs. Pol IIImediated transcription terminates at a sequence with four or more consecutive thymine (T) residues (Gunnery et al. 1999; Paule and White 2000) , producing a defined 39 terminus. Pol II-mediated transcription usually generates RNA with a long 39 untranslated sequence and a poly(A) tail. Many Pol III-transcribed RNAs, such as snRNAs, are localized and function in the nucleus. In contrast, Pol IItranscribed RNA is usually exported to the cytoplasm.
We tested several plant type-3 Pol III promoters and compared them with the 35S (Pol II) promoter for silencing efficiency. We found that these Pol III promoters can induce efficient silencing, that hpRNAs expressed from Pol II and Pol III promoters are processed differently, and that 24-nucteoltide (nt) siRNAs can guide mRNA cleavage in plants.
RESULTS

Pol III promoters are functional in directing silencing constructs
Testing the promoters using a b-glucuronidase (GUS) transgene as target Eight Pol III promoter fragments were tested (Table 1) , including three (AtU3B + 136, AtU6 + 20, and At7SL + 86) that contain upstream motifs of the RNA-coding region. Each fragment contained the ''TATA'' box and an upstream sequence element (USE) typical of plant Pol III promoters (Fig. 1A) . The spacing between the TATA box and USE (24 or 26 base pairs [bp] ) clearly differentiates these Pol III promoters from the Pol II promoters that direct the expression of the U1, U2, U4, and U5 snRNAs, which have a TATA-USE spacing of 32-36 bp (Waibel and Filipowicz 1990) . The TATA box and USE of the rice U3 promoter diverge from those of the dicot Pol III promoters, and the rice promoter contains two G + C-rich monocotspecific promoter (MSP) elements (GGCCCA) (Connelly et al. 1994) arranged as an inverted repeat (À100/À111).
A series of inverted-repeat constructs encoding hpRNA with a 93-bp stem and a 93-nt loop targeting the GUS gene were used to test the activity of these promoters. These constructs, driven either by the 35S or the Pol III promoters (Fig. 1B,C) , were transformed into tobacco and Arabidopsis thaliana lines expressing a 35S-GUS target gene. The level of GUS expression was reduced in the majority of the independent transformants in comparison with the untransformed controls ( Fig. 2A,B) ; the Pol III promoters were active in both tobacco and Arabidopsis. The RNA motif-containing constructs AtU3 + 136, AtU6 + 20, and At7SL + 86 did not confer more efficient silencing than the respective RNA motif-free constructs AtU3, AtU6, and At7SL ( Fig. 2A,B) , suggesting that these RNA sequences are not required for the activity of Pol III promoters.
The 35S-GUShp93 and OsU3-GUShp93 constructs conferred strong GUS silencing in rice (Fig. 2C) . In contrast, the AtU3-GUShp93, AtU6-GUShp93, and LlU3-GUShp93 constructs gave little or no silencing; some lines that did show significant GUS silencing could have had integration of the silencing constructs near endogenous promoters that generated transcription of the GUS hpRNA. The results showed that the dicot Pol III promoters do not function in rice, consistent with the absence of the MSP element (Connelly et al. 1994) .
A Pol III promoter directs efficient silencing to an endogenous gene
The Pol III (AtU6) promoter was tested against an endogenous gene, the Arabidopsis phytoene desaturase gene (PDS). AtU6-and 35S-directed constructs were designed to express hpRNA with a 42-bp dsRNA stem and a 9-nt loop targeting PDS. Almost all lines (43 out of 45) transformed with U6-PDShp42 showed high degrees of PDS silencing, indicated by intense bleaching of cotyledons and young leaves (Fig. 3A) . In contrast, a much smaller proportion of the 35S-PDShp42 lines (26 of 43) showed PDS silencing; the levels of silencing in these lines were in general lower than in the U6 lines. This difference in PDS silencing was more clearly manifest in the T2 population: 18 of the 21 T2 U6-PDShp42 lines tested showed intermediate to strong PDS silencing (partial to complete bleaching of cotyledons and young leaves), whereas only 5 of the 19 T2 35S-PDShp42 lines showed visible PDS silencing (leaf yellowing, leaf-tip bleaching, or cotyledon bleaching only) ( Fig. 3B,C ; data not shown).
Pol II-and Pol III-transcribed hpRNAs are differentially processed A subset of the 35S-GUShp93 and AtU6 + 20-GUShp93 (referred to as U6-GUShp93 hereafter) Arabidopsis lines were analyzed by DNA and RNA gel blots ( Fig. 4A-G ). siRNAs were detected in both the 35S-GUShp93 and the U6-GUShp93 lines (Fig. 4C) , indicating that the hpRNA was transcribed and processed by one or more of the four DICER-LIKE (DCL) proteins required for siRNA biogenesis in Arabidopsis (Gasciolli et al. 2005) . The size pattern of the siRNAs produced differs in the 35S and U6 lines (Fig.  4C ). The 35S lines contained predominantly 21-nt siRNAs, and the U6 lines had 22-and/or 24-nt siRNAs without the 21-nt class evident ( Fig. 4D ; Supplemental Fig. 2A ). Thus, hpRNAs transcribed by the 35S and the U6 promoters must be differentially processed. When gel blots of larger RNA molecules were probed with full-length GUS antisense RNA, the 35S-GUShp93 lines showed a predominant RNA species of z90 nt, whereas the U6-GUShp93 lines had a predominant fragment of z300 nt (Fig. 4E-G) . A subset of samples were treated with RNase I (which digests only the singlestranded region in the hpRNA) and hybridized with a sense probe against the hpRNA (Fig. 4F ) and an antisense probe against the loop region of the hpRNA (Fig. 4G ). This showed that the two predominant fragments corresponded to the loop and full-length sequence of the GUS hpRNA in the 35S and U6 lines, respectively. The T2 PDShp42 lines (Fig. 3 ) were analyzed by RNA gel blot hybridization using a 21-nt DNA oligo probe complementary to the 39 half of the 42-nt PDS sequence that forms the dsRNA stem (Fig. 5A, Probe B) . The size pattern of both the siRNAs and the intermediate RNA fragments differs between the 35S and the U6 lines ( Fig.  5B ; Supplemental Fig. 2B ). The 21-nt class of siRNAs was undetectable in the U6-PDShp42 lines, which accumulated only the 24-nt siRNAs (see Supplemental Fig. 2B for determination of siRNA sizes). This was in contrast to the 35S-PDShp42 lines, which contained both the 21-nt and 24-nt siRNAs. Hybridization of the same RNA gel blot with the 21-nt Probe A (Fig. 5A) detected no siRNA signals (data not shown), suggesting that the siRNAs were mostly derived from the dsRNA region near the loop-linked end in the PDShp42 RNA.
To examine whether PDS silencing in the PDShp42 lines was due to siRNAguided mRNA cleavage, 59 rapid amplification of cDNA ends (RACE) was performed. The products from both the 35S and the U6 lines formed a predominant band of about 220 bp ( Fig. 5C; Supplemental Fig. 2C ), consistent with expected PCR products of 210-250 bp for cleavage within the 42-nt target region. Sequencing of the z220-bp RACE product showed cleavage predominantly between nucleotides 1597 and 1598 of the PDS mRNA in both the 35S and U6 lines (Fig. 5D ). This cleavage site locates in the 39 region of the 42-nt target sequence, consistent with siRNAs being derived mainly from the 39 half of the 42-bp dsRNA stem.
Pol III transgene-induced silencing is associated with de novo DNA methylation Pol II-directed hpRNA transgenes can induce de novo methylation of cytosines in target DNA sequences in the nucleus (Mette et al. 2000) . To determine whether Pol IIIdirected hpRNA transgenes also induce RNA-directed DNA methylation (RdDM), we analyzed the methylation status of the target GUS sequence in the U6-GUShp93 lines #10, #15, and #21. Cytosine methylation of the target GUS sequence in the 35S-GUShp93 lines #1 and #6 was also analyzed.
As shown in Figure 6A , cytosine methylation was almost undetectable in the target GUS sequence of the untransformed plant (NT-#23) but was readily detected in both the 35S-GUShp93 and the U6-GUShp93 lines. The pattern of cytosine methylation in the U6 lines was similar to that in the 35S lines ( Fig. 6A ; Table 2 ). Cytosines in all sequence contexts were subject to methylation, but those in the symmetric CG and CNG contexts were more methylated than those in asymmetric contexts (Table 2) , consistent with the properties of RdDM (Wang et al. 2001) . As expected, methylated cytosines were more frequent in the dsRNA-targeted region than in the flanking regions, especially in the U6-GUShp93 lines ( Fig. 6A ; Table 2 ). The level of methylation in the region that corresponds to the loop was also high (15.0%-36.8% in the 35S lines and 12.6%-56.0% in the U6 lines); this level was much higher than in the untargeted upstream region (4.3%-13.8% in the 35S lines and 4.5%-18.2% in the U6 lines).
The promoter region of the U6-GUShp93 transgene was significantly methylated ( Fig. 6B; Supplemental Fig. 3B ). We examined whether the methylation of the transgene U6 promoter results in methylation of the endogenous U6 promoter. As shown in Figure 6B and Supplemental Figure  3C , the endogenous U6 promoter was almost completely free of methylated cytosines in the two U6 lines analyzed (U6-#15 and U6-#21). The methylation analysis also showed that the GUS sequence of the hpRNA transgene was more methylated than that of the target GUS gene (Supplemental Fig. 4 , with the exception of U6-#21).
DISCUSSION
Our results suggest that Pol III promoters are a potentially useful alternative to Pol II promoters for directing silencing constructs in plants. In an earlier report, Lu et al. (2004) showed that the human H1 and Arabidopsis 7SL Pol III promoters are functional in directing the silencing of a reporter gene in plants based on a short hpRNA with a 19-nt dsRNA stem. We have demonstrated that a number of plant Pol III promoters are functional in directing silencing on hpRNAs with a 93-bp dsRNA stem. In addition to the silencing data for the GUS transgene, we examined the relative strength of the Pol II and Pol III promoters in directing silencing of an endogenous gene. The U6 promoter-directed hpRNA construct induced more efficient silencing than the 35S-directed construct against the endogenous PDS gene in Arabidopsis. It remains to be seen if Pol III-directed constructs are similarly effective in silencing other endogenous genes, but in a recent experiment, in which a small number of transgenic lines were generated, a 42-bp hpRNA construct directed by the AtU3B promoter also conferred more efficient silencing than a 35S construct to the ethylene-insensitive gene EIN2 in Arabidopsis (data not shown).
Our RNA analyses provide strong evidence that Pol II-and Pol III-transcribed hpRNAs are processed by different sets of DCL proteins in plants. Expression of the GUS hpRNA by the 35S Pol II promoter resulted in the accumulation of predominantly 21-nt siRNAs, which indicates that the hpRNA is preferentially processed by DCL4, consistent with previous findings (Dunoyer et al. 2005; Gasciolli et al. 2005; Fusaro et al. 2006) . In contrast, the Pol III lines accumulated either the 24-nt siRNA class or a mixture of 24-and 22-nt classes, with no clear presence of the 21-nt class. This suggests that the Pol III-transcribed hpRNAs are processed preferentially by DCL3 and to a lesser degree by DCL2. A recent study indicates that DCL3 acts exclusively in the nucleolus to process 24-nt heterochromatin-associated siRNAs (Pontes et al. 2006 ). Many of the Pol III-transcribed natural RNAs (e.g., the U6 snRNA) are known to localize in the nucleolus, and it is possible that Pol III-transcribed hpRNA is also targeted to this nuclear compartment. This may account for the preferential processing of the Pol IIItranscribed hpRNA by DCL3.
The efficient PDS silencing in the U6-PDShp42 lines containing only 24-nt siRNAs suggests that the 24-nt class is effective at guiding RNA cleavage. The RACE experiment confirms that specific mRNA cleavage does occur. It has been proposed that 21-and 22-nt siRNAs form RNA silencing complexes with ARGONAUTE 1 (AGO1) in the cytoplasm to guide mRNA cleavage, while 24-nt siRNAs interact with AGO4 in the nucleus to direct DNA methylation Deleris et al. 2006) . Some microRNAs (e.g., miR163) are 24 nt in size and presumably interact with AGO1 to guide mRNA cleavage in plants (Allen et al. 2004) . A recent in vitro study showed that the 24-nt siRNA-AGO4 complex possesses RNA cleavage activity (Qi et al. 2006 ). Whether or not the nuclear-localized siRNA-AGO4 complex can induce RNA degradation in vivo remains an interesting question, but a previous report shows that nuclear-localized RNAs can be efficiently targeted by RNA interference in animals (Robb et al. 2005) .
The predominant cleavage site was identical in the 35S-PDShp42 and the U6-PDShp42 plants despite the likelihood that the cleavage is guided by different size classes of siRNAs in the two plants (i.e., 21-and 24-nt in the 35S plant and 24-nt in the U6 plant). One possibility is that the 24-nt siRNAs, like the 21-nt siRNAs, also guide cleavage across nucleotides 10 and 11 of the siRNAs (Haley and Zamore 2004) . A recent study showed that the 24-nt miR163 cleaves its target mRNA across nucleotides 10-11 in Arabidopsis (Allen et al. 2004 ).
Our results show that both Pol II-and Pol III-directed hpRNA transgenes can induce de novo cytosine methylation in plants. There was no direct correlation between the level of cytosine methylation in the GUS sequence and the abundance of the 21-nt GUS siRNAs; lines 35S-#1 and 35S-#6 contained abundant 21-nt siRNAs, but they were less methylated than lines U6-#15 and U6-#21 that did not seem to contain any 21-nt siRNAs (Figs. 4, 6A ). This suggests that 21-nt siRNAs are not an effective inducer of RdDM. Among all the five lines analyzed, U6-#21 contained the highest level of 24-nt siRNAs (Fig. 4) and showed the most intense methylation in the GUS sequence (Fig.  6A) , consistent with 24-nt siRNAs being an effective inducer of RdDM. However, the GUS sequence targeted by the loop of the GUShp93 RNA was also strongly methylated ( Fig. 6A ; Supplemental Fig.  3) ; this supports the view that fulllength hpRNA might be a direct inducer of RdDM in plants (Melquist and Bender 2003) . The endogenous U6 promoter was almost completely unmethylated despite the methylation of the U6 promoter in the U6-GUShp93 transgene. Consistent with this, previous studies have shown that endogenous sequences are less susceptible to silencingassociated DNA methylation than transgene sequences in plants (Stam et al. 1998; Jones et al. 1999; Vaistij et al. 2002) . The GUShp93 transgenes were significantly more methylated than the target GUS gene in both the 35S and U6 lines (Supplemental Fig. 4) . A possible explanation for this is that the stably expressed target GUS gene, although initially introduced as a transgene, may have been ''endogenized'' and therefore become less susceptible to de novo methylation than the newly introduced GUShp93 transgenes.
MATERIALS AND METHODS
Preparation of plasmids
Isolation of the Pol III promoters
The promoter fragments of five small RNA genes were amplified by polymerase chain reaction (PCR): U3B, U6-26, and 7SL-2 from Arabidopsis, and U3 from tomato and rice (Table 1; for PCR primers, see Supplemental Data 1). The PCR fragments were cloned into either pGEM-T Easy (Promega) (for At7SL, At7SL + 86, AtU6, and AtU6 + 20) or pShuttle (Wang et al. 1998 ) (for AtU3B, AtU3B + 136, LlU3, and OsU3) and characterized by DNA sequencing using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) (Supplemental Data 2).
Construction of the intermediate Pol III promoter vectors
The AtU3B + 136 clone in pShuttle was used directly as the intermediate vector for cloning hpRNA sequences. AtU6 was cloned as an XhoI fragment from pGEM-T Easy into the SalI site of pShuttle, making the AtU6 intermediate vector. AtU6 + 20 was first cloned as an XhoI fragment into pShuttle at the SalI site, then as a NotI fragment from pShuttle into the NotI site of a modified pBC vector (Stratagene) in which the PvuI site had been removed by treatment with Pfu DNA polymerase followed by self-religation. To prepare the AtU3B, LlU3, and OsU3 intermediate vectors, the promoter fragments were excised from their respective clones in pShuttle with HindIII and BamHI and inserted into the same sites of the modified pBC vector. Similarly, the At7SL and At7SL + 86 vectors were constructed by excising the promoter fragments from their pShuttle clones with Bsp120I and SpeI and inserting into the modified pBC vector at the same sites.
Construction of GUShp93 and PDShp42 vectors
To assemble the inverted-repeat sequence for GUShp93, the GUS coding sequence from nucleotide 512 to nucleotide 697 (with respect to the ''A'' residue of the translational start codon ''ATG'') was amplified by PCR using GUSPol3-1 and GUSPol3-2 as primers (Supplemental Data 1), digested with SalI and BamHI, and inserted into pJKK (Kirschman and Cramer 1988) at the same sites, forming pMBW448. This GUS sequence was selected as it is free of any runs of four consecutive T or A residues to avoid premature termination of Pol III promoter-directed transcription. The GUS sequence from nucleotide 512 to nucleotide 604, corresponding to the dsRNA stem, was PCR-amplified using the GUSPol3-1 and GUSPol3-4 primers (Supplemental Data 1), digested with BamHI and EcoRI, and inserted into pMBW448 at the same sites, giving the invertedrepeat sequence of GUShp93 (see Supplemental Data 3 for the sequence). GUShp93 was cloned as a SalI or PvuI fragment into the various intermediate Pol III vectors at the SalI, XhoI, or PvuI site to produce the Pol III-GUShp93 constructs. The 35S-GUShp93 construct was made by inserting the SalI-digested GUShp93 fragment into the XhoI site of pART7 (Gleave 1992) . For Agrobacteriummediated plant transformation, the Pol III-GUShp93 and 35S-GUShp93 cassettes were excised with NotI and inserted into the NotI site of the pWBVec4a vector (Wang et al. 1998) .
To make the U6-PDShp42 and 35S-PDShp42 constructs, two complementary oligonucleotides (see Supplemental Data 3 for the sense-strand sequence) were annealed and ligated into the SalI site of the AtU6 intermediate vector or the XhoI site of pART7. The cassettes were then transferred as NotI fragments into pART27 (Gleave 1992) for Agrobacterium-mediated transformation.
The GUShp93 constructs were introduced into Agrobacterium tumefaciens AGLI, and the PDShp42 constructs into A. tumefaciens GV3101.
Plant transformation
Agrobacterium-mediated transformation of Arabidopsis thaliana C24 (with or without a strongly expressed 35S-GUS gene) was performed using the ''floral dip'' method as previously described (Clough and Bent 1998) . Seed collected from the Agrobacteriuminfected plants was sterilized with chlorine gas and plated on Murashige and Skoog (MS) medium containing 10 mg/L PPT (phosphinothricin) (for pWBVec4a-based constructs) or 50 mg/L kanamycin (for pART27-based constructs) plus 100 mg/L timentin (to inhibit Agrobacterium growth). The resulting PPT-or kanamycin-resistant T1 plants were transferred to fresh MS medium for further growth before being planted in soil to set seed. A tobacco (Nicotiana tobacum Wisconsin 38) line containing a strongly expressed 35S-GUS transgene was transformed with the GUShp93 constructs using the leaf disc method as described previously (Wang et al. 2001) , with PPT (15 mg/L) as the selective agent. Plants with established roots were transferred to the glasshouse. Two previously used rice lines, expressing a GUS gene (Wang and Waterhouse 2000) , were transformed with the GUShp93 constructs as previously described using bialaphos as the selective agent (Wang and Waterhouse 2000) . Uniformly transformed callus lines were used for GUS expression analysis.
DNA and RNA analysis DNA, RNA of relatively large molecular size, and small RNA were isolated from T1 tobacco or T2 Arabidopsis plants using the following procedure: First, large-sized RNA was isolated from z2 g of tobacco leaf tissue or z1 g of Arabidopsis seedlings (grown on MS plates with appropriate selective agents) using the phenol extraction method as previously described (de Vries et al. 1988) . After LiCl precipitation of the largesized RNA fraction, the remaining nucleic acids including DNA and small RNA were precipitated from the supernatant with one volume of isopropanol and used directly for DNA and intermediate RNA analysis. For siRNA detection, small RNAs were extracted E (lanes 4,6,17 ,21) were untreated (À) or treated (+) with RNase I, separated in 5% formaldehyde-agarose (NuSieve 3:1) gel, and hybridized with 32 P-labeled sense RNA corresponding to the stem and loop of GUShp93 RNA (i.e., nucleotides 512-697 of GUS ORF), which should detect the full-length RNA and the dsRNA stem, but not the loop fragment, of the GUShp93 transcript. The molecular size markers shown are 24-and 37-nt antisense GUS DNA oligonucleotides and 32 P-labeled in vitro sense transcript of a self-cleaving clone of the cereal yellow dwarf virus satellite RNA (pGEM.Sat, z170 and 320 nt [Wang et al. 2001] ). (G) The same four samples were untreated (À) or treated (+) with RNase I, separated in 5% formaldehyde-agarose (NuSieve 3:1) gel, and hybridized with For DNA gel blot analysis of the Arabidopsis lines, z10 mg of each DNA/small RNA sample was digested with BamHI (80 units) (Supplemental Fig. 1 ) in the presence of RNase A (5 mg) in 100 mL volume at 37°C overnight. The digested DNA was purified by phenol/chloroform extraction, precipitated with 1/10 volume of 3 M NaOAc and 2.5 volumes of ethanol, and redissolved in 30 mL of TE buffer. The DNA was then separated on a 0.8% agarose gel and blotted onto Hybond-N+ Nylon membrane (Amersham Pharmacia) with 0.4 M NaOH. The membrane was probed with a SmaI fragment of the PPT-resistance gene from pWBVec4a (Wang et al. 1998) . The hybridized membranes were washed as recommended by the manufacturer and analyzed using a PhosphorImager (FUJIFILM, .
To determine the target GUS mRNA levels, z30 mg of each large-sized RNA preparation was separated on a 1.3% formaldehyde-agarose gel, blotted to Hybond-N Nylon membrane, UV cross-linked, and hybridized with 32 P-labeled, full-length antisense GUS RNA at 55°C in the hybridization buffer B described in the Promega ''Protocols and Applications Guide.'' The hybridized filter was washed as recommended including RNase A treatment. For analysis of intermediate RNAs derived from GUShp93, DNA/small RNA samples (equivalent to z120 mg of large RNA) were treated with RNase-free DNase and purified with phenol/chloroform extraction and ethanol precipitation. For detecting dsRNA, the DNA/small RNA sample was further treated with RNase I to digest single-stranded RNA, followed by phenol/chloroform extraction and ethanol precipitation. The purified RNA was then separated on a 5% formaldehyde-NuSieve 3:1 agarose gel, blotted to Hybond-N Nylon membrane, UV crosslinked, and hybridized with 32 P-labeled GUS riboprobes (as specified in Fig. 4 ,E-G) at 42°C in the hybridization buffer B described in the Promega ''Protocols and Applications Guide.'' The filter was washed twice for 30 min in 23 SSC, 0.2% SDS at 42°C, followed by RNase A treatment for 15 min at room temperature (2 mg/mL RNase A in 23 SSC).
For siRNA detection, small RNA samples from 8 M LiCl extraction were separated in 15% or 18% denaturing polyacrylamide gels in 13 TBE buffer and electroblotted and UV cross-linked onto Hybond-N Nylon membrane. GUS siRNAs were detected by hybridization at 38°C-42°C with 32 P-labeled GUS riboprobe (as specified in the figure legends) that were pretreated with 0.2 M sodium carbonate at 60°C to reduce their size to an average of z50 nt; the GUS siRNA blot was washed as for the GUShp93-derived RNA intermediates described above. The PDS siRNAs were detected by hybridization at 30°C using a 21-nt DNA oligonucleotide as specified in Figure 5 legend, and the blot was washed at room temperature with 23 SSC, 0.2% SDS.
RACE of PDShp42 lines
Large-sized RNA preparations from 35S-PDShp42 and U6-PDShp42 plants were directly ligated with a 21-nt unphosphorylated GUS RNA oligo (59-AACAGACGCGUGGUUACAGUC) for 1 h at 37°C using T4 RNA ligase following the manufacturer's instruction. The ligation was purified by phenol/chloroform extraction and ethanol precipitation, and used for reverse transcription using a PDS-specific reverse primer PDS-RACEr1 (59-CTTTGTAGAGGACGACATGG). PCR was first performed using a GUS DNA oligo (with identical sequence to the GUS RNA oligo used in the ligation) and PDS-RACEr1 as primers. A nested PCR was then performed using the GUS DNA oligo and PDS-RACEr2 (59-CACAGTTTGGGATGGTCTTG) as primers. The nested PCR product was separated in agarose gel, and the z220 band purified, cloned into pGEM-T Easy (Promega), and sequenced.
Analysis of GUS expression
GUS activity was measured using the same kinetic fluorimetric 4-methylumbelliferrylb-glucuronide (MUG) assay as previously described (Chen et al. 2005) . Histochemical staining of rice callus lines to detect GUS expression was as previously described (Jefferson et al. 1987) .
Bisulphite sequencing
Bisulphite treatment of Arabidopsis genomic DNA was performed following the procedure described previously (Paulin et al. 1998) . Approximately 5 mg of the DNA/ small RNA sample was denatured in 20 ml of 0.3 M NaOH for 15 min at 37°C. The denatured DNA was then mixed with 208 ml of 6.24 M urea and 2 M sodium metabisulphite and 12 ml of freshly prepared 10 mM hydroquinone, and the mixture was incubated in Fig. 4. (B) The promoter of the U6-GUShp93 transgene is significantly methylated (purple line), whereas the endogenous U6 promoter is almost completely free of methylation (blue line). This figure is based on the bisulphite sequencing data shown in Supplemental Fig. 3 . Cold Spring Harbor Laboratory Press on May 16, 2017 -Published by rnajournal.cshlp.org Downloaded from a thermocycler with 20 cycles of 55°C for 15 min and 95°C for 30 sec. The treated DNA was then purified and treated with NaOH following the procedure as described by Wang et al. (2001) . The following PCR primer pairs were used to amplify the lower strand of the target GUS sequence, the sequence of 35S-GUShp93 and AtU6-GUShp93 transgenes, and the AtU6 promoter sequence:
Low-GUS-F (59ÀCTATCCCACCAAAAATAATAATTACC-39) plus Low-GUS-R (59ÀTTGTTTAGTTGTAATTATTTGTTG-39) (for target GUS sequence); Low-35S-F (59ÀATTACAATAAAAAAAAAACTATCATTCAA-39) plus Low-GUS-R (for 35S-GUShp93); Low-U6-F (59ÀTTTTTTATTTGGAGTTTTTGTAT-39) plus Low-GUS-R (for AtU6-GUShp93); Low-U6-F2 (59ÀCCCATTTAAATTAAAAACAATCTTC-39) plus Low-U6-R1 (59ÀTGTTGAAGAATAGAGGAAGAAGAAAT-39); or Low-U6-R2 (59ÀGAATTATATTATTTGAGATTTTTTTTAGGT-39) (for endogenous U6 promoter).
To minimize biased amplification between methylated and unmethylated DNA, the sequences of the primers were selected such that the 39-most 5-13 nt corresponded to GUS or AtU6 sequences that have no cytosines. The PCR conditions were as previously described (Wang et al. 2001) . PCR products were cloned into pGEM-T Easy and sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit.
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